Simulation results on dynamic yaw stability derivatives of a gull bird by means of computational fluid dynamics are presented. Two different kinds of motions are used for determining the dynamic yaw stability derivatives Nr C and
Introduction
In the early days of aeronautics the flight of birds has stimulated scientists and engineers in the research and development of aircraft. Much has been learnt from nature and pioneers in the aeronautical field have studied the flight of birds, e.g. Ref. 1. Birds move from one place to another by driving their wings in air. The motions of the bird in the air consist of flapping flight as well as gliding and soaring flight (Ref. 2) . Investigations on the aerodynamic characteristics of birds have been conducted for a variety of purposes (Refs. 2 -6) . For example, an issue is formation flight of the birds as an energy saving mechanism during migration (Refs 3, 6). Other investigations deal with aerodynamic characteristics of bird wings in steady flow conditions (Refs. 4, 7) . In this simulation, the bird configuration is modeled at a fixed position and the flow does not change with time. However, there are also unsteady flight conditions, like yawing and rolling motions. Such movements produce a response of the airflow at the wing changing with time. This unsteady airflow affects the lateral-directional stability characteristics of birds.
Investigations on the dynamic stability derivatives for various aerodynamic bodies using CFD have been carried out in previous research. In Ref. 8 , Navier-Stokes prediction of pitch damping concerning axis-symmetric projectiles in the supersonic flight regime was performed. Computational methods were applied in Ref. 9 for determining the stability derivatives for the F16XL configuration using a low-order time dependent panel method. A reduced-frequency approach was used in Ref. 10 to determine dynamic stability derivatives at sub-and transonic Mach numbers. In Ref. 11, modelling of dynamic stability derivatives was performed for the low subsonic regime using CFD. Dynamic flight stability of a hovering bumblebee was investigated in Ref. 12 , using a code based on the NavierStokes solution and the technique of eigenvalue and eigenvector analysis. This paper presents results on the dynamic yaw stability derivatives of a gull wing by using the FLM in-house developed code based on Euler solution, a computer program of the Institute of Fluid Mechanics of the Technische Universität München (Refs. 13, 14) . Two different kinds of model motions are applied to determine the dynamic yaw stability derivatives Concerning the first one, a lateral translation and a rotation in yaw are dealt with separately. The second one consists of a combination of translational and rotational motions. The unsteady flow solution is obtained by solving unsteady three dimensional Euler equations. The motion of the bird is modeled using harmonic functions at small reduced frequencies. The dynamic grids are generated for every time step that is adapted to the movement. Because of the motioninduced mesh deformation near the body, it is necessary to smooth the mesh using the Poisson algorithm. Then, the dynamic yaw stability derivatives can be computed applying Fourier analysis using the unsteady aerodynamic force and moment coefficients. 
where τ is the time step and k the reduced frequency. For a harmonic lateral motion, the following relation applies
Thus, for the first and second derivatives
Using Eqs. (8), (9) and (10), the following expressions are obtained from Eq. (7) 
For small amplitude and reduced frequency values, the terms of second and higher order can be neglected. Then
The derivatives can be determined using Fourier analysis to yield 
Because N C is a 2π-periodic function, the determination of dynamic stability derivatives is obtained by reading off the periodically unsteady aerodynamic forces and moments given by from the Euler solution.
Computational Method for Determining Unsteady Aerodynamic Characteristics of a Bird Wing
For computational simulations of unsteady aerodynamic characteristics of the bird wing, the proper geometry, high quality meshes as well as a robust and accurate numerical method are required to obtain solutions of the flow field.
Geometry of Gull Wing and Meshes
For dynamic stability derivative determination, the gull is taken as a computational model. All data used for the bird are referred to Ref. 
Figure 8: Mesh generation for the gull wing
For the simulation of unsteady aerodynamic characteristics of the gull wing, moving grids are required. The grids are adjusted and distorted by the movement of the wing surface and the fixed farfield boundary. The grids in the smaller blocks close to the wing surface move as far as the wing moves, while the grids in the larger blocks show a gradual decrease. During this deformation the quality of the computational grids has to be good at each time step in order to obtain an accurate solution. This is carried out by smoothing the grids locally using the local smoothing technique based on Laplace's solution.
For direct determination of the derivative Nr C , the wing motion is modeled as a lateral translation and a yaw rotation. These motions can be expressed as
Results on the moving grids for simultaneous lateral and yaw motions are shown in Fig. 9 . yielding results as given in Table 1 . 
C from Combined Motion
The derivative Nr C can also be obtained directly using a combined motion which consists of a translation in the lateral direction and a rotation in the yaw axis (Fig. 3) . The dynamic grid for the combined motion is shown in Fig. 9 . The unsteady computation is performed for a reduced frequency Table 3 . 
Conclusions
The determination of dynamic yaw stability derivatives of a gull wing using CFD is performed. Two different simulations of the bird model motions are used, one showing two simple harmonic motions and the other a combined motion. The simulation results provide a good agreement between both kinds of motion.
